We report the identification of a novel exon, which is referred to as exon 16b, within the cyclin-dependent kinase (CDK)-like 5 (CDKL5) gene that is implicated in the X-linked infantile spasm syndrome and the early-onset seizure variant of Rett syndrome. Interestingly, it is highly conserved in species through evolution, suggesting a potential functional role, but does not display any homology with other referenced sequences. Most importantly, the transcript including this exon is specifically expressed in brain. We suggest that CDKL5 exon 16b should now be considered in the genetic screening of patients presenting with a CDKL5-related disease profile.
INTRODUCTION
The X-linked cyclin-dependent kinase (CDK)-like 5 gene (CDKL5, OMIM 300203), formerly known as the STK9 gene, 1 encodes a serine/ threonine kinase that has been associated with the X-linked infantile spasm syndrome (ISSX, OMIM 308350) and the early-onset seizure variant of Rett syndrome (RTT, OMIM 312750). [2] [3] [4] [5] [6] [7] [8] The gene is composed of 20 encoding exons, and so far 450 mutations in patients with CDKL5-related encephalopathy have been reported, affecting quasi-exclusively girls. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Patients with CDKL5 mutations typically present severe intellectual disability and early seizures, microcephaly in B1/3 of cases, as well as RTT-like features such as severe hypotonia, hand stereotypies and sleep disturbances. 22 Several patients having symptoms reminiscent of a CDKL5-related disease profile have had no mutation identified, in spite of the large screening strategy that is available, suggesting that other unexplored regions and/or genetic loci are involved in the disease. At the protein level, the N-terminal domain is involved in the catalytic activity of the protein, whereas the C-terminal region may regulate its subcellular localization. 6, 23 CDKL5 phosphorylation targets are currently largely unknown. So far, it has been shown that the protein, in vitro, may autophosphorylate, and it phosphorylates the product of the methyl-CpG-binding protein 2 (MECP2, OMIM 300005) gene, which is mutated in 490% of classic RTT patients, 24 suggesting a common signaling pathway between these two proteins; 6, 9, 25 and the N-terminal region of the DNA methyltransferase 1 in nuclei. 26 In this study, we report the coincidental finding of an additional exon within the CDKL5 gene and describe its conservative feature in several species. This novel exon displays (1) no homology with other sequences in the human genome and (2) an extremely high level of similarity with orthologous sequences, suggesting a potential functional role. We suggest that this exon, which we referred to as exon 16b, should be screened in patients presenting with CDKL5-related disease with no mutations identified in the regions studied so far.
MATERIALS AND METHODS

Sequence alignment and splice site analysis
Both nucleotide and amino-acid orthologous sequences from 24 species were obtained from the Ensembl Genome Browser v57 (http://www.ensembl.org) in a Fasta format, and then submitted to a multiple sequence alignment with ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/) with default parameters. Splice site scores were calculated with three available online tools: Analyzer Splice Tool (http://ast.bioinfo.tau.ac.il/SpliceSiteFrame.htm), Human Splicing Finder v2.4 (http://www.umd.be/HSF/) 27 and the Berkeley Drosophila Genome Project applied to humans (http://www.fruitfly.org/seq_tools/splice.html) with default parameters.
Patient cohort and genetic screening
A total of 1000 individuals were selected for the screening of CDKL5 exon 16b. The cohort consisted of 100 normal female individuals and 900 MECP2, CDKL5 and FOXG1 mutation-negative patients. The patient cohort included nine women with the classical form of Rett syndrome, 21 patients (19 women; 2 men) with the early-onset seizure variant of Rett syndrome and 11 patients (seven women; three men) with the congenital variant of Rett syndrome. The cohort also included 859 patients (800 women; 59 men) with a diagnosis reminiscent of Rett syndrome. This heterogeneous group of patients has been incompletely classified, but presents clinical features of interest according to the selection criteria for this study, including mental retardation, autistic traits, stereotypic hand movements, progressive microcephaly, epileptic encephalopathy and/or severe congenital encephalopathy without recognizable etiology. However, none of them was explained by mutations in the MECP2, CDKL5, FOXG1 and ARX genes. After informed consent, genomic DNA from these 1000 individuals was extracted from peripheral blood lymphocytes according to standard protocols and served as a template for subsequent amplification of the whole CDKL5 exon 16b, and as flanking splice sites with 0.5 mM of both forward and reverse primers 5¢-AATTAGTTTATTTGTATCTTATATTGC-3¢ and 5¢-CAGTTTTCAGGGCTACCATAC-3¢. All amplifications were carried out in a GeneAmp PCR System 9700 (Applied Biosystems, Courtaboeuf, France) in a 96-well-plate format as follows: PCR Amplification Buffer II 1X, 2.0 mM MgCl 2 , 250 mM dNTP each and 2.5 U AmpliTaq Gold DNA Polymerase (Applied Biosystems) in a 50 ml reaction volume with 50 ng template DNA. Cycle conditions were as follows: an initial denaturation step at 95 1C for 
Animals
All animal care and experimental procedures were carried out in accordance with the European Communities Council Directive and approved by the local ethical committee. Experiments were conducted with 6-month-old male C57Bl/6N mice bred in our own animal facility. Animals were kept in a 12 h light/dark cycle, with controlled humidity (60-80%) and temperature (22 ± 1 1C). Food and water were freely available. Cortex, hippocampus, cerebellum and olfactory bulb, as well as heart, liver, lung, kidney and muscle were prepared by standard procedures.
Total RNA extraction and transcript analysis
Total RNA was extracted from human cells and mouse tissues with the RNeasy Mini Kit (Qiagen, Courtaboeuf, France) according to the protocol described by the manufacturer, and converted into first-strand cDNA with the SuperScript II Reverse Transcriptase (Invitrogen, Cergy-Pontoise, France) using random hexamers as described. The human CDKL5 transcript was amplified with 1 mM each primer (forward: 5¢-AGACAACCAGCATTCGATCC-3¢; reverse: 5¢-TGCAACGTCAGAAGATCAGG-3¢) in 1X GeneAmp PCR Buffer II, 3.5 mM MgCl 2 , 250 mM of each dNTP and 0.03 U ml À1 AmpliTaq Gold DNA Polymerase (Applied Biosystems). PCR amplifications were carried out in a GeneAmp PCR System 9700 (Applied Biosystems) as follows: 95 1C for 5 min for enzyme activation; followed by 35 cycles of 95 1C for 30 s, 60 1C for 30 s, 72 1C for 30 s; and a final extension step at 72 1C for 7 min. PCR products were loaded on a 2% agarose gel for size control.
For quantitative assessment of Cdkl5 transcripts in mouse tissues, two couples of primers were designed: one for the total Cdkl5 transcript and another for the specific study of the alternative longer isoform (Table 1 ). All reactions were carried out in a 96-well plate format in a 7500 Real-Time PCR System with SYBR Green PCR Master Mix (Applied Biosystems), as described by the manufacturer, and with 0.8 mM of each primer. Conditions were 50 1C for 2 min, 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min. Housekeeping gene Actb was used for normalization. The purity of PCR products was determined by a melting-curve analysis, and data were analyzed with Sequence Detection System software v.1.3.1. (Applied Biosystems).
Plasmid construction
The open-reading frame of the CDKL5 gene was first amplified with Platinum Taq DNA polymerase high fidelity (Invitrogen), with 1X high fidelity PCR buffer, 1.5 mM MgCl 2 and 250 mM each dNTP, using the pEGFP-CDKL5 plasmid (kindly provided by Dr Charlotte Kilstrup-Nielsen, University of Insubria, Busto Arsizio, Italy) as a template with respective sense and antisense primers (0.5 mM each): 5¢-CGCGGATCCGCGATGAAGATTCCTAACATTGG TAATGTGATG-3¢ and 5¢-TGCTCTAGAGCACTTGCCCGTCAGTGCCG-3¢. BamHI and XbaI restriction enzyme sites (bold/underlined in the above sequences) were respectively added in either primer for subsequent cloning experiments. Amplification conditions were as follows: an initial denaturation step at 94 1C for 2 min; followed by 35 cycles of denaturation at 94 1C for 30 s, annealing at 60 1C for 30 s, extension at 68 1C for 3 min; and a final extension step at 68 1C for 5 min. After purification with the QIAquick Gel Extraction Kit (Qiagen), the PCR product was cloned into the pCR4-TOPO vector (Invitrogen) with the TOPO TA Cloning Kit for Sequencing (Invitrogen). This plasmid, as well as pcDNA3.1-MECP2_e1-myc-His (kindly provided by Dr Yuzhi Zhang, Hospital for Sick Children, Toronto, Canada), were double-digested by BamHI and XbaI restriction enzymes. After gel purification, the CDKL5 open-reading frame was subcloned into the background vector with the T4 DNA ligase (New England Biolabs, purchased from Ozyme, Saint-Quentin-en-Yvelines, France) in 1X T4 DNA ligase buffer at 4 1C, overnight, to generate the pcDNA3.1-CDKL5-myc-His expression plasmid.
Three overlapping DNA fragments (F1, F2 and F3) were first individually amplified using first-strand cDNA from wild-type human fibroblasts as a template with primers (forward/reverse) F1 (F1_F: 5¢-CCCAGGGACAAAGTA CCTCA-3¢/F1_R: 5¢-TCATCTCTGGAGGGAGCTGT-3¢), F2 (F2_F: 5¢-AGCCT GCAACTCTTGTCACC-3¢/F2_R: 5¢-CTTGATGCTTGGATTCTCCC-3¢) and F3 (F3_F: 5¢-GGGAGAATCCAAGCATCAAG-3¢/F3_R: 5¢-TTTGGGTCACCAC AGCAGAAG-3¢), in 1X PCR buffer, 1.5 mM MgCl 2 , 250 mM each dNTP and 0.5 mM each primer with Taq DNA Polymerase (Invitrogen) under the following conditions: initial denaturation at 94 1C for 3 min; 40 cycles of denaturation at 94 1C for 30 s; annealing at 55 1C for 30 s; extension at 72 1C for 30 s; and a final extension at 72 1C for 5 min. All fragments were gel purified as described above. In a second round, equivalent molar ratios of the three purified fragments were mixed together and amplified with primers F1_F and F3_R in the same conditions as described above, except for 2 min of extension time, to generate a 1665-bp fragment that was subsequently gel purified. This amplicon, as well as pcDNA3.1-CDKL5-myc-His, were double-digested with EcoRI and BbsI restriction enzymes (incubation, 37 1C, 60 min; inactivation, 65 1C, 20 min), separated on a 0.5% agarose gel and gel purified. Finally, the insert containing the CDKL5 exon 16b sequence was subcloned into the open vector in conditions described above to generate the pcDNA3.1-CDKL5-16b-myc-His plasmid. After inactivation at 65 1C for 10 min, ligation products were transformed, as described by the manufacturer, in XL10-Gold Ultracompetent Cells (Stratagene, purchased from Agilent Technologies, Massy, France), which were cultured in Luria-Bertani medium supplemented with 100 mg ml À1 kanamycin. Plasmids were extracted and purified with a QIAfilter Plasmid Midi Kit (Qiagen). All PCR products, intermediate and final plasmid constructs, were analyzed by direct sequencing. The size of the expressed, tagged products was confirmed by western blotting analysis (data not shown).
Cell culture, transfection and immunofluorescence COS-7 cells (ATCC number: CRL-1651) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and antibiotics at 37 1C, 5% CO 2 under a humidified atmosphere. One day before transfection, cells were seeded onto round coverslips and cultured in minimal medium. They were transfected with 800 ng of plasmid pcDNA3.1-CDKL5-myc-His or pcDNA3.1-CDKL5-16b-myc-His, using Lipofectamine 2000 (Invitrogen) as the transfection reagent, following the manufacturer's instructions. At 48 h after transfection, cells were either treated with 50 nM Leptomycin B (Sigma-Aldrich, Lyon, France) for 4 h, fixed with 100% methanol at À20 1C for 5 min, permeabilized in a phosphate-buffered saline in 0.2% solution of 1X/Triton X-100 and unspecific sites blocked with a 5% nonfat milk solution diluted in 1X phosphate-buffered saline. Cells were then incubated with the primary mouse c-Myc (9E10) sc-40 monoclonal antibody (Santa Cruz Biotechnology, Heidelberg, Germany) (dilution 1:200) and then with a Texas Red-conjugated secondary rabbit anti-mouse IgG (dilution 1:4000). All coverslips were mounted with Vectashield mounting medium with 4' ,6-diamidino-2-phenylindole (Vector Laboratories, purchased from Abcys, Paris, France) and analyzed with a Leica DMRA2 fluorescence microscope (Leica Microsystèmes SAS, Nanterre, France). All steps were carried out at room temperature unless otherwise indicated.
RESULTS
A novel highly conserved exon within the CDKL5 gene
By studying CDKL5 expression in human fibroblasts, we coincidentally generated two products by RT-PCR (Figure 1a) . Investigation of these fragments by direct sequencing revealed the expected identity for the shortest band, corresponding to a 161-bp fragment, including exons 15, 16 and 17 ( Figure 1b) . Surprisingly, the longest product consisted of an additional 123-bp interval incorporated within the shortest product that actually matches with a genomic sequence between CDKL5 exons 16 and 17 (Ensembl Genome Browser v57 genomic location: chrX:18,641,999-18,642,121) and is flanked by both an acceptor (AG) and a donor (GT) splice site. Nucleotide alignment of this putative exon and the flanking splice sites in 24 species, accounting for a total of 127 bp (Figure 2a) , was carried out and indicated a very high degree of homology. Indeed, a X95% sequence similarity was observed in 17/24 species, considering the human sequence as the reference (data not shown). These data suggest an alternative splicing of this yet unreported exon, referred to as exon 16b, which most importantly maintains the phase of the open reading frame of the gene. Acceptor splice site 'strength' assessed by bioinformatics studies (data not shown) indicated a 0.89 average score with three different tools, whereas the donor splice site was not found with Fruitfly (B0.6-0.7 score with Analyzer Splice Tool and Human Splicing Finder). These results suggest that this latter site may be alternatively recognized by the endogenous splicing machinery, and thus contributes to functionally restrict the incorporation of CDKL5 exon 16b within the transcript to a low level.
Amino acid alignment (41 amino acid residues) also showed high homology (Figure 2b ; (95% sequence similarity in 17/24 species), reinforcing the evolutionarily conserved feature of the domain and suggesting its potential functional role. Interestingly considering its conservation, searching for homologous regions by bioinformatics investigation (http://blast.ncbi.nlm.nih.gov/Blast.cgi, http:// www.sciencegateway.org/tools/index.html, http://www.ebi.ac.uk/Tools/ sequence.html) did not reveal any evidence of similarity with any known domains in other proteins, highlighting the singularity of this sequence.
Genetic studies in controls and CDKL5-related patients To investigate potential mutations in CDKL5 exon 16b, 1000 control and patient DNAs (including patients with typical and atypical Rett syndrome without mutations in the MECP2, CDKL5 and FOXG1 genes) were screened by direct sequencing. No sequence variation could be detected within the exon and flanking sequences in either group of individuals.
The Cdkl5-16b transcript is expressed in mouse brain tissues The anatomical distribution of the Cdkl5-16b transcript isoform was assessed in various brain sections of both fetal and adult wild-type mice by in situ hybridization, but no staining could be revealed in any structures (data not shown). Northern blot analysis also failed at identifying the transcript in multiple mouse tissues. Cdkl5-16b expression was then further assessed in several mouse tissues by quantitative RT-PCR. Results indicated that, as observed in human fibroblasts, the alternative Cdkl5 isoform including exon 16b is detected in mouse tissues, and specifically in all regions studied in the brain at various ratios (hippocampusEcortexocerebellumoolfactive bulb), whereas it is not found in other organs (Figure 3 ). This result may suggest the potential functional importance of this isoform in the brain.
Subcellular localization of CDKL5 isoforms
Human CDKL5 and CDKL5-16b isoforms overexpressed as myctagged fusion proteins in COS-7 cells showed similar patterns. Typically, both fusion proteins are very predominantly found in the cytosolic compartment of transfected cells (Figures 4b, c, h and i ; 490% cells). Immunofluorescence studies with markers of cellular organelles and structures (that is, endoplasmic reticulum, Golgi apparatus, microtubules and microfilaments) did not indicate any specific localization of the fusion proteins (data not shown). The remaining transfected cells show a nuclear staining of both fusion proteins (data not shown). These results slightly differ from those obtained by our group 12, 22 and others 23, 25 that predominantly show a nuclear staining, and suggest that the localization of overexpressed CDKL5 proteins may depend on the cell type, and potentially on the passage number and/or the cell cycle, but is not affected by the reporter tag, at least in our conditions. Rusconi et al. 23 demonstrated that an active nuclear export mediates the dynamic subcellular localization of CDKL5. To further explore the dynamics of our isoform, transfected cells were treated with Leptomycin B to inhibit this nuclear export system. As previously described with CDKL5 (see ref. 23 ), we observed that the CDKL5-16b protein isoform is sequestered within the nucleus in B100% of cells (Figures 4e, f, k and l) , thus suggesting that the exon 16b-translated amino acid sequence does not affect the nuclear export of the protein mediated by the receptor CRM1/Exportin 1.
DISCUSSION
This study reports the identification of an additional 123-bp exon between exons 16 and 17 of the X-linked CDKL5 gene, which we referred to as CDKL5 exon 16b. This sequence shows a remarkably high degree of similarity between species, suggesting a functional role that has been maintained through evolution. It is potentially translated in a supplemental 41 amino acid peptide, which is supposed to be included within the protein sequence between threonine 792 and valine 793, for a final long isoform containing 1071 amino acids, instead of the 1030 residues in the 'classical' form of the polypeptide. Curiously, and unexpectedly considering its evolutionarily conserved feature, this sequence does not show homology with any other referenced domain. Our efforts toward the identification of the fulllength protein, by generating an antibody to specifically identify it in tissues, were unfortunately not successful, neither by western blotting analysis nor by immunofluorescence studies in human fibroblasts or mouse tissues. This observation does not unequivocally mean that the full-length protein is not expressed in these tissues, but may reflect its A novel exon within the CDKL5 gene Y Fichou et al low amount that cannot be identified by the method. Indeed, at this step of the study, there is no evidence of the existence of the 1071 fulllength protein isoform. However, one of the most important findings in favor of the expression of the long CDKL5 isoform in vivo comes from our observation that the transcript containing exon 16b is detected in all brain regions, suggesting that this longer isoform may have a specific function in these tissues, reinforced by the fact that patients with mutations in CDKL5 suffer from severe encephalopathy. Although our trials to investigate the expression pattern of isoform 16b by both in situ hybridization and northern blot analysis did not succeed, these experiments highlight the combination of two limitations in this particular case: (1) the amount of Cdkl5-16b transcript that is supposed to be low and (2) the size of probes, which are required to be 123 bp in length to be specific and are thus not optimal in terms of design. CDKL5 exon 16b was then sequenced in numerous control individuals and patients with a CDKL5 disease profile with unidentified mutations. No variant could be found in 41900 X chromosomes, suggesting that mutations, if existing, are not frequent within this exon. The absence of sequence variations in this exon 16b in more than 1000 individuals also reinforces the high sequence conservation in this genomic region. Another hypothesis might be that a mutation in exon 16b would result in a slightly different phenotype, thus implicating that the cohort of patients selected for the study was not correctly chosen and that the role/function of this protein is to be understood to explore the phenotype induced by potential mutations in exon 16b, particularly at the neurological level.
The finding of this additional exon in CDKL5 parallels the discovery of exon 1 in the MECP2 gene, the gene that is mutated in B90% of patients with classical Rett syndrome. Until 2004 and the co-discovery of exon 1 within this latter gene, 28, 29 only three exons had been reported. Following this finding, we and others have contributed to finding pathogenic mutations in this domain, 24, [29] [30] [31] [32] [33] [34] [35] illustrating the relevance of studying the novel CDKL5 exon 16b not only in genetic diagnosis but also to provide insights into the understanding of its function.
In 2006, Bertani et al. 25 reported a punctate staining of CDKL5 within the nucleus in the mouse fibroblast NIH/3T3 cell line overexpressing the gene, a pattern that was later confirmed in similar experiments in the human epithelial HeLa cell line by Rusconi et al. 23 In this study, we also investigated the subcellular localization of both isoforms (CDKL5 and CDKL5-16b) by transfecting the plasmid constructs in COS-7 cells. These constructs overexpressed in cells showed a common cellular pattern with a predominant cytosolic staining that slightly differs from previous reports, 12, 22, 23, 25 indicating (1) that the additional peptide encoded by exon 16b does not contain any functional signal that would mediate the protein localization and (2) that CDKL5 localization may be cell-type dependent. CDKL5 is a Figure 3 Relative expression of Cdkl5-16b transcript to total Cdkl5 transcript in adult mouse tissues. AU, arbitrary unit. Cdkl5 isoforms are normalized to the mouse Actb gene. R¼relative ratio between Cdkl5-16b and total Cdkl5, expressed in arbitrary unit. a, d, g, j) . The lower row shows the merged images (c, f, i, l).
serine/threonine kinase that shares common protein motifs and properties with CDKs. In terms of subcellular localization, CDKs are mostly nuclear. However, although CDK1 is nuclear in mitosis as a heterodimer with cyclin B1 (CDK1/cyclin B1), it is localized within the cytoplasm in interphase, suggesting that it may also have a role in this compartment. 36 In mouse astrocytes, Cdk6 is predominantly found in the cytoplasm. 37 These examples illustrate well the cell/ tissue-specific dynamic features of this class of molecules. As study done by Rusconi et al. 23 highlighted the dynamic shuttling of CDKL5 between the nucleus and the cytoplasm, a similar experiment was carried out with the CDKL5-16b isoform and revealed that the nuclear export of both proteins is mediated by the receptor CRM1/Exportin 1.
In summary, we found a novel, highly conserved exon within the CDKL5 gene, referred to as exon 16b. Very interestingly, transcript analysis revealed that the exon 16b-containing mRNA isoform is specifically found in the brain, and we suggest that the molecular analysis of this new exon should now be taken into consideration for the genetic diagnosis of patients presenting with CDKL5-related disease. Further experiments to investigate the subcellular localization of the protein confirmed the dynamic intracellular behavior of the protein. Although the precise mechanisms of CDKL5 regulation in cells, as well as the cellular/molecular factors regulating this mechanism, are largely unknown, this work may help at understanding the pathophysiology of CDKL5-related disease.
